Liquid Hg undergoes the metal-nonmetal (M-NM) transition when it is expanded from 13.6 g cm -3 at ambient conditions to 9 g cm -3 at high temperature and high pressure. To investigate collective and single 
Introduction
The metal-nonmetal (M-NM) transition has been one of significant subjects in physics. A simple band picture predicts that a divalent metal should be transformed to an insulating state with volume expansion.
Among divalent metals, liquid Hg is the most proper element to study the M-NM transition with volume expansion along the saturated vapor pressure curve because its critical constants are within temperatures and pressures experimentally accessible (critical data of Hg [1] : T C = 1751 K, P C = 1673 bar, ρ C = 5.8 g cm -3 ).
The first indication of the M-NM transition was found in the electrical conductivity and thermopower data obtained by Hensel and Frank [2] and fluid Hg undergoes the M-NM transition with decreasing density, ρ, from 13.6 g cm -3 at ambient conditions to 9 g cm -3 near the critical point. calculations failed to explain a band crossing M-NM transition at 9 g cm -3 [3] [4] [5] [6] , Kresse and Hafner [7] succeeded in opening the gap between 6s and 6p bands at the exact densities with local structure consistent with that experimentally obtained by Tamura and Hosokawa [8] . Studies on expanded fluid metals including fluid Hg were reviewed by Hensel and Warren [9] .
The study of the dynamical properties is of great importance to understand the mechanism of the M-NM transition in fluid Hg. In the last decade, the use of inelastic x-ray scattering (IXS) at third generation synchrotron radiation sources has allowed many new studies of the dynamics of disordered materials. A remarkable result among them may be strikingly similar collective dynamics between van der Waals and metallic fluids, suggesting the universality of the short time dynamics in monatomic liquids [10] . Compared to these liquids, expanded fluid Hg is non-simple. In fact, inhomogeneous regime [11] or two-state model [12] were proposed to explain the electronical and thermodynamic properties of fluid Hg in the M-NM transition region. Fluctuations near the critical point may also play an essential role for the M-NM transition.
We measured IXS spectra of expanded fluid Hg from the liquid to dense vapor and observed an anomaly of collective dynamics in the M-NM transition region. We reported the results of dense vapor [13] and the fluid in the M-NM transition [14] in letters. In this paper, we report these results briefly and discuss the details of collective dynamics in the M-NM transition at 9 g cm -3 based on results newly obtained from the framework of generalized hydrodynamics using memory function formalism.
Experimental
This work has been done at the high-resolution IXS beamline (BL35XU) of SPring-8 in Japan [15] .
Backscattering at the Si (11 11 11) reflection was used to provide a beam of single-crystal sapphire cell [16] and He gas of 99.9999 % purity was used as a pressurizing medium. and (1423, 510, 1.0) and those at 2θ of 1 o at several densities from 9 to 4 g cm -3 . He gas contributed significant background, especially at low Q. The backgrounds were measured at each pressure and temperature, and were subtracted after being scaled for sample transmission. The transmission data were also used to estimate the density of the fluid sample. The signal from fluid Hg became so large at low Q with volume expansion that we have succeeded in obtaining good quality data. At present, we believe that the subtraction of the background succeeded in giving reasonable spectra of fluid Hg because as shown in Fig.3 in Ref. [14] , we could observe clear difference in dynamical sound velocity of fluid Hg at densities between 9 and 8 g cm -3 near the M-NM transition region where there was only small temperature difference by [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] degrees at the same high pressure. Figure 3 shows selected IXS data at 13.6, 9 and 2 g cm solid curve at the bottom. The spectra at ambient condition at 13.6 g cm -3 have a clear side peak at around 10 meV at Q around 10 nm -1 . The spectra agree well with those reported by Hosokawa et al [17] . The IXS spectra at 9.0 g cm -3 have a single peak and the side peaks not distinct from the central one. The peak at 2 nm -1 at 9 g cm -3 is as sharp as that at 2 g cm -3 . The central peaks at 37.1 and 46.8 nm -1 are much broader at the M-NM transition at 9.0 g cm -3 than at ambient conditions, 13.6 g cm -3 and they are very similar to those at 2 g cm -3 at the same Q.
Results

Analysis
We analyzed the data in the framework of generalized hydrodynamics [18] . Here to investigate the microscopic dynamics in detail, we analyzed the data using generalized Langevin formalism [19, 20] .
The intermediate scattering function, F(Q,t), which is the time-Fourier transform of S(Q,ω), obeys the
Here the quantity
is related to the generalized isothermal sound velocity
The classical dynamic structure factor, S(Q,ω), can be expressed in terms of a complex memory function M(Q, t). According to the results utilized in a simple liquid by a molecular dynamics simulation [19] and several liquid metals [20, 21] , we adopted a simple exponential decay for a fast relaxation process (µ-process) and the structural relaxation process (α-process)
given by,
Here the parameters, ) (Q 
To fit the model function with the experimental data, the above function modified by the detailed balance condition was convoluted with the resolution function R(ω).
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We introduced another parameter E(Q) adjustable to the amplitude of S(Q,ω) /S(Q) and it was converged to be 1 . 0 1 ±
. We took γ = 3 and the value of C V from macroscopic data [22] for the fluid at 9 g cm -3 . We estimated the K of fluid Hg at 9 g cm -3 using Wiedemann-Franz law,
, and the conductivity (s) data [1] . The estimated K at 9 g cm -3 was about 1/4 as large as K at the ambient condition. Then we fixed the thermal diffusivity at 9 g cm -3 as the value of 
We have numerical data of S(Q) at 9 g cm -3 [23] but they are not so reliable at low Q. Thus we left it to an optimized parameter. Consequently, we carried out the least-square fitting of the experimental data and optimized the
In the least-square fitting, the ) (Q µ t was optimized near the initial value of 1 fs. This means that the µ-process becomes a frequency-independent friction parameter in the present analysis and we should have used the memory function simplified by using just an adjustable constant with a delta function like the equation shown in Ref. [10] . Thus we do not comment the µ-process in the next section. Figure 4 shows the fits of the experimental data at 3. 
Discussion
The ω p (Q) (closed circles) at 9 g cm We discuss the characteristic time scale of the relaxation in the sound mode at 9 g cm -3 . Figure may be explained by the fact of ω p (Q)t α (Q) < 1 at high Q. At 9 g cm -1 , γ = 3 may be too large to ignore the effect of thermal relaxation process. The estimated t h (Q) at low Q has almost as large as t α (Q) at the same Q but the thermal effect is expected to be fully relaxed at higher Q. These results may indicate that the structural effect dominantly contributes the fast sound at low Q and the thermal effect may contribute partially.
In the present analysis using the memory function formalism, however, we were aware of a curious behavior of a fitting parameter. from x-ray diffraction may not be reliable because Q is too low to be measured by wide angle x-ray scattering but recent data of small angle x-ray scattering for expanded fluid Hg [26] also supported S(Q) of about 0.4 at 3 nm -1 . These results hint that unrealistic small S(Q) is needed to reproduce the fast sound at low Q within the memory function formalism though we have to note that the formalism conserves zeroth,
second and fourth frequency moments of S(Q,ω).
There is another inconsistency with the macroscopic data. The c t (Q) related to S(Q) in Fig.6 shows the effective adiabatic sound velocity derived from c t (Q) times γ is much larger than the ultrasonic sound velocity at low Q. For comparison, we analyzed the data of fast sound in water at the ambient condition [27] using the same formalism. [28] . These results may mean that the fast sound observed at low Q in expanded fluid Hg couldn't exactly be described using the memory function formalism for a classical liquid.
Next we investigated how parameters change when S(Q) was fixed to be the value experimentally obtained.
As an example, the fits at 3.4 nm -1 (taking S(Q) = 0.4) are shown in Fig.9 (a) (the same data in Fig.4 ).
Despite similar optimization, the χ 2 remains large and the tail of the peak is not well reproduced in Fig. 9 (a) . close to the ultrasonic sound velocity. To see the additional mode at higher energy, we tried to carry out the fits using a model function constituted from the sum of the memory function and a DHO term. The result is shown in Fig.9 (b) . The excitation energy of the DHO term was 3. However divalent Hg has the electronic configuration of a closed shell like helium and hardly forms dimetic molecules in gaseous state though a Hg 2 molecule is known to exist. The additional modes must have an origin from another type of aggregate in fluid Hg. Then let us consider a microscopic dynamics in fluid Hg accompanying the M-NM transition. The results of x-ray diffraction experiments suggest that the average number of nearest neighbors within the first coordination shell around an atom is reduced with volume expansion, while the nearest neighbor distance remains unchanged [8, 23] . When the coordination number decreases, a change of a single particle motion is expected. In ambient conditions at 13.6 g cm -3 , the line shape of S(Q,ω) at high Q is similar to a Lorentzian function, which suggests that diffusive motion is dominant in the liquid. With decreasing density, the line shape at high Q broadens and it becomes very similar to those at 2 g cm -3 , as seen in Fig.1 . This suggests that at 9.0 g cm -3 a free particle motion is dominant over short (less than interatomic) distances like the dense vapor. In the generalized hydrodynamics for classical liquids, the fast sound as the limit to 
Summary
We carried out inelastic x-ray scattering measurements for expanded fluid Hg and found fast sound in the M-NM transition. Within the framework of generalized hydrodynamics, we could obtain useful information on the fast sound at 9 g cm -3 from the present analysis using the memory function formalism. When the fast sound observed at low Q could be reproduced well within the memory function formalism, the parameter of S(Q) became unrealistic smaller than the one experimentally obtained. It resulted in giving unacceptable isothermal sound velocity c t (Q). On the other hand, when the experimental S(Q) was taken in the fitting procedure, the memory function formalism represented microscopic sound waves in 'molecular hydrodynamic' region which may be extended from the ultrasonic sound waves but did not reproduce the additional mode with higher excitation energy, the fast sound. We consider that the latter interpretation may be more plausible and speculate that the fast sound is originated from fluctuations in the pair potential or the pressure derived from electron gas, which are intrinsic to the M-NM transition. Although the mechanism of the observed fast sound is not fully understood at present, we can stress that the fluid in the M-NM transition in liquid Hg must be a fruitful example of non-simple liquids that have an anomalous dynamics. The optimized A α (Q) and t α (Q)and t h (Q) estimated from the macroscopic data at 9 g cm -3 as a function of Q.
Figure Captions
The inset indicates ω p (Q) times t α (Q) as a function of Q up to 22 nm -1 . obtained from x-ray diffraction experiments [23] . The inset shows low Q region on an enlarged scale. Example of the least-square fitting with fixed S(Q) at 3.4 nm -1 at 9 g cm -3 using the memory function (a) and the sum of the memory function and a DHO term (b). 
